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ABSTRACT

The prioritization of solid waste disposal options in terms of reduced risk to workers, the
public, and the environment has recently generated considerable governmental and public interest.
In this paper we address the development of a methodology to establish priorities for waste disposal
options, such as incineration, landfills, long-term storage, waste minimization, etc. The study is one
result of an overall project to develop methodologies for Probabilistic Risk Assessments (PRAs) of
non-reactor nuclear facilities for the U.S. Department of Energy. Option preferences are based on
a levelized cost-risk reduction analysis. Option rankings are developed as functions of disposal option
cost and timing, relative long- and short-term risks, and possible accident scenarios. We examine the
annual costs and risks for each option over a large number of years.

Risk, in this paper, is defined in terms of annual fatalities (both prompt and long-term) and
environmental restoration costs that might result from either an accidental release or long-term
exposure to both plant workers and the public near the site or facility. We use event timing to weigh
both costs and risks; near-term costs and risks are discounted less than future expenditures and
fatalities. This technique levels the timing of cash Hows and benefits by converting future costs and
benefits to present value costs and benefits. We give an example Levelized Cost-Benefit Analysis
of incinerator iocation options to demonstrate the methodology and required data.

INTRODUCTION

In this paper we propose procedures for ranking and selecting waste disposal options. These
procedures can be applied to all such proposals competing for funding to develop a priority ranking
for each project. The results reported here arc part of an overall project to develop methodologies
for Probabilistic Risk Assessments (PRAs) of non-reactor nuclear facilities for the Department of
Energy. Option preferences are based on a Levelized Cost-Benefit Analysis. The benefit normally
is expressed as a reduction in risk where risk can be represented in the same units as cost. Option
rankings are developed as functions of disposal option cost and timing, relative long- and short-term
risks, and possible accident scenarios. Initially, the project or sets of projects that show the largest
expected net benefit (risk reduction/dollars invested) would receive the highest rating, the second
largest benefit, the second highest rating, etc. Ultimately, the method should also consider possible
variances from the mean rankings due to the uncertainties associated with both the costs and benefits.
Such variances are not considered here.

*I3ased on work performed at O:ik Ridge National Laboratory, Managed for the U.S. Department of
Energy under contract DE-AC05-840R21400 with Martin Marietta Energy Systems, Inc.
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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.



In the next section we define our application of the term "Risk." After that we summarize
the Levelized Cost-Benefit Analysis. Uncertainty will be briefly discussed in terms of costs and
benefits; however. Uncertainty Analysis is beyond the scope of this paper. We conclude with an
example Levelized Cost-Benefit Analysis of incinerator siting options to demonstrate the methodology
and required data.

RISK

In this paper we define risk as the frequency of adverse human health and environmental
effects due to chronic or accidental exposure to hazardous materials. We further quantify adverse
human health effects as both long- and short-term mortalities. Environmental effects are defined as
the cost to clean up or restore the environment after chronic or accidental exposure to hazardous
materials. Mathematically, risk can be defined as:

RISK = £ AFj x Aq , (Eq.l)
i=l

where
AF = Accident Frequency, I1,
AC = Accident Consequence Probability,
i = i"1 accident scenario,
n = total number of accident scenarios.

The accident frequency is:

n

AF = IE I I Pj, (Eq.2)

where
IE = Initiating Event frequency,
Pj = j l h failure (fault) probability given the Pj., failure has occurred.

Note that the units of risk are consequence x f1, such as annual deaths or cancers over a twenty-
year period. Also, each scenario is independent of other scenarios.

The next element of the risk equation is the consequence probability given an accident. This
is simply the sum of the individual consequences.

AC = P , . + Psm + P , , , (Eq.3)

where
P|m = long-term mortality (consequence) probability,
Psm = short-term mortality probability, and
Pec = probable environmental clean-up costs.
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Thus, risk is the expected mortalities and environmental costs per unit time. In the case of
expected cancers (or other long-term effects) those would be converted to mortalities by the
probabilities of death given a certain type cancer. If the mortalities can be converted to costs, then

RISK = EXPECTED COSTS

TIME (Eq.4)

At this point in the discussion three questions invariably arise: (1) What value do you use for
coot of a mortality? (2) Is there a value for acceptable risk, and if so, what is it? and (3) Should you
consider all accidents, even the most improbable? (an estimate of the frequency of the accident will
eventually have to be made). While none of these questions is the control subject of this paper, we
now briefly consider possible ways for dealing with them.

Mortality Cost

Normally a value of $2 million per death is used based on past court settlements for wrongful
death. The probability distribution of the death value is assumed to be triangular with a low of $1
million and a high of $10 million. The cost of a cancer is usually determined by combining the
probability of death given a cancer with the cost of a mortality.

Acceptable Risk

The difference between acceptable risk for a plant worker and for the public must be
considered. The worker volunteers for the risk as part of accepting the job. In fact, in many cases
the worker receives extra pay for taking certain risks. The public, on the other hand, usually faces
an involuntary risk by living or working in the area of the plant. An argument may be made that the
public has volunteered (in a few cases) and received some benefit for accepting the risk in the case
where they, the public, received cheaper housing or increased pay for choosing to live and work in
the area of the plant.

There is a difference in acceptable risk between the plant worker and the public. An effort
was made to define acceptable risk by the U.S. Department of Energy in its draft document "Nuclear
Qualitative Safety Goals and Quantitative Guidance" (1). This document indicates that the short-
term public mortality should be less than 0.1% of U.S. accident fatalities. This equates to a risk
acceptance level of less than 4 x 10"7 per individual per year. Short-term worker mortality should
be less than 1% of U.S. occupational deaths. This equates to a risk acceptance level of less than 1
x 10'6 per individual per year.

Both of the long-term (cancer) public and worker risk acceptance levels are the same at less
than 0.1% of U.S. cancer fatalities. This equates to a risk acceptance level of less than 2 x 10"6 per
individual per year.
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Credible Accidents

Engineering judgement is required to choose which accident should be considered in the
analysis. Two rules-of-thumb that may be useful are:

1. A noncredible accident is one that has an annual frequency of less than either 10'6 or 10'7.
The higher value would be used for "catastrophic" accidents, accidents that could result in a
very large loss of life or are otherwise politically unacceptable (such as Three Mile Island).

2. An accident that requires three or less independent failures or faults should be considered
credible assuming normal failure rates or human errors. An accident requiring four or five
independent faults or failures may or may not be credible depending upon the accident
scenario. If six or more independent failure or faults are required then the scenario should
be considered noncredible.

LEVELIZED COST-BENEFIT ANALYSIS

There are two basic premises for the Levelized Cost-Benefit Analysis: (1) any expected
benefits should at least be equal to or preferably outweigh the costs needed to obtain those benefits,
and (2) immediate benefits arc discounted less than future benefits. Future costs are discounted
more than immediate costs. Premise 2 implies that the timing of both costs and benefits must be
accounted for in the analysis.

Premise 1 can be expressed as:

BENEFITS 2* COSTS . (Eq.5)

Premise 2 may be handled by discounting both sides of Eq. (5). This technique accounts for
the time value of money and assumes that the benefits (in most cases risk reduction) have a monetary
value and that value can be calculated.

Thus, Eq. 5 in levelized terms becomes:

PV [benefits] ^ PV [costs|, (Eq.6)

or ihe ratio of costs, to achieve a certain level of risk reduction, must be equal to or less than unity.

PV [costs]

PV [risk reduction] (Eq.7)

where PV = Present value of costs and benefits.
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The variance of the above will be a function of the variances of the individual cost and benefit
components. These variances can be combined either analytically or by Monte Carlo procedures to
arrive at the uncertainty of the Levclizcd Cost-Benefit Analysis (2,3). The time span normally
assumed for the analysis is from the first capital expenditure through 50 years of equivalent full
production. At 50 years both costs and benefits have been discounted to essentially zero.

To implement this procedure, the time-dependent cost and benefits streams (along with the
variance for each) must be generated for each project or sets of projects under consideration.

Costs

The costs are grouped into capital and operating costs and subdivided into the following time-
dependent streams:

A. Capital Costs

1. Development associated with the proposed projects.
2. Facilities and equipment including redesign or retooling.
3. Other project costs (e.g., technical support, and systems engineering).

B. Operating Costs

1. Replacement parts.
2. Labor.
3. Material (other than replacement pails).
4. Power and utilities.
5. Changes in working capital requirements.
6. Interest on working capital.
7. Taxes.

C. Project-induced risks such as the construction workers' risk and possible public hazard
exposure associated with the construction project itself.

Benefits

A benefits stream is projected for each project considering the appropriate schedules and
production limitations. Examples of possible benefits are:

1. A reduction of either or both accident frequency and consequence.
2. A reduction in both the short-term and long-term risks.
3. A saving in possible environmental compliance and clean-up costs.
4. A cultural benefit in both the public's and worker's perceptions.
5. Possible saving in costs such as reduced insurance and operating costs. These savings will be

accounted for in the cost stream comparisons of the competing projects.
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Uncertainty

The distribution (mean, range, variance, etc.) for each of the cost and benefit input
parameters are estimated by direct interface with the appropriate project manager to estimate the
uncertainty of development costs, development duration, and possible benefits. Inputs usually take
the form of a uniform, beta, or normal distribution, depending on which is considered most
appropriate.

LEVELIZED COST-BENEFIT EXAMPLE

The following simple example demonstrates the types of data required for the Levelized Cost-
Benefit Analysis. The example selected is a trade-off analysis of long-term storage of polychlorinated
biphenyls (PCBs) versus incineration at one of two locations.

The basic question is should Company ABC: (1) continue to keep the PCBs in storage until
a better alternative presents itself, (2) ship their PCBs 500 miles to the regional incinerator, or (3)
construct an on-sitc incinerator for disposing of the PCBs? All three options have costs and benefits
associated with them.

1. Option 1 is the "do nothing" option. Continuing waste production will require additional
storage facilities and increasing operating costs. In addition, the consequences of a fire keep
increasing due to the increased volume of material.

2. Option 2 exposes the company to additional risk during the 500-mile journey to the regional
incinerator. Additional risk of an accident is imposed at the regional incinerator while the
waste is awaiting disposal. The waste generator owns the waste in perpetuity. The disposal
cost is expected to be higher for this option due to shipping costs and incinerator fees.

3. Option 3 may be very inefficient because the company can only use about 10% of the
capacity of a state-of-the-art incinerator (4). The risk of transportation has been reduced
from a 500-mile trip to less than a mile trip. The incinerator site accident risk is assumed to
be the same (for ABC's portion of the waste) at both the regional and on-site incinerators.
The need for and risk of long-term storage should also be reduced.

Based on previous work, the following are the analysis parameters for the three options.

• Annual waste production of 50,000 gallons of waste oil containing 2,000 ppm PCBs. At this
time 200,000 gallons are currently in storage.

• On-site hazard is a fire that disperses PCBs and dioxins on- and off-site.

• Estimated the annual on-site accident frequency = 5.05 x 10'4. The accident frequency is
assumed to increase linearly with increased inventories and storage sites.

• It is assumed that the maximum storage at any one site will be 200,000 gallons.

• Estimated on- and off-site people exposed given an on-site accident = 250.
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• Estimated on- and off-site area contaminated by an on-site accident ~ 2.2 km2.

• Estimated short-term fatality probability given an on-site accident =» 0.05.

• Estimated long-term fatality probability given an on-site accident == 0.012.

• Estimated clean-up costs ~ $10/m2.

• Options 2 and 3 will reduce the waste inventories (and risk) by the shipping and incineration
schedules.

• Incinerator organic destruction efficiency = 99.999%.

• Average truck load = 1,000 gallons = 200 trucks the first year and 50 per year thereafter.

• Truck accident rale = 2.5 x 10"6 per mile. Probability of a fire given an accident » 0.0110.
Results in a truck fire rate of 2.75 x 10s/mile (5).

• Transportation costs = $1.50 per mile.

• Capita! investment in trucks (Option 2) = $200,000.

• Incinerator capital cost = $4 million for each 200,000-gallon annual capacity. Cost sizing
factor = 0.75 (4). Incinerator life = 50 years. For example COSTnew = COSTbMe x
(CAPACITYncw/CAPACITYbiso)075.

• Annual incinerator maintenance and operating cost = 30% of capital investment.

• Risk scaling factor = 2/3 based on the area (people) exposed to the volume of waste. For
example, RISKncw = RISKb,sc x (QUANTITYlltAV/QUANTITYbase)

M.

• Regional incinerator fee = full capital recovery, maintenance, and operating costs + 20%.

• Waste storage costs are about $l/gallon capital costs and IOC/gallon annual operating for
storage of 50,000 to 500,000 gallons (6).

• A discount rate of 10% was assumed. This is the rate recommended by the Office of
Management and Budget to compare costs and benefits of alternative projects (7).

Table I shows the resulting costs and risks for each option.

Table II summarizes the results of the three options with total costs and risks from Table I.
Risk reduction is defined as the reduction from Option 1 (no incineration, continue storage). Also
included in Table II is a internal rate of return analysis for the investment in Options 2 and 3. The
return on each investment is risk reduction.
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Table I. 50-year costs and risks ($1,000,000)

Costs

Capital
Operating
Fees
Transportation

Total Costs

Risks

Short-term risk
Long-term risk
Transportation

Total Risks

Option 1:
Long-term
storage

Total

2.50
7.35
N/A
N/A

9.90

Total

41.56
9.97
N/A

51.53

PV

0.50
0.74
N/A
N/A

1.24

PV

2.43
0.58
N/A

3.01

Option 2:
Regional
incineration

Total PV

0.20 0.20
1.02 0.21
21.24 5.47
4.05 1.04

26.51 6.93

Total PV

0.03 0.03
0.01 0.01
0.04 0.01

0.08 0.04

Option 3:
On-site
incineration

Total PV

3.54 3.54
54.14 11.61
N/A N/A
N/A N/A

57.67 15.14

Total PV

0.03 0.03
0.01 0.01
N/A N/A

0.04 0.04

Table II. Results ($1,000,000)

Parameter

Costs
1 Risks

ACosts/dRisks

Return
on investment
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Option 1:
Long-term
storage

Total PV

9.90 1.24
51.53 3.01

Base case

Base case

Option 2:
Regional
incineration

Total PV

26.51 6.93
0.08 0.04

0.32 1.92

1 to 2 = 7.1%

8

Option 3:
On-site
incineration

Total PV

57.67 15.14
0.04 0.04

0.93 4.68

1 to 3 = 3.9%



CONCLUSION

The ultimate role of Levelized Cost-Benefit Analysis is more than the determination of a
simple reduction in the cost of waste disposal. In a broader context, the proposed evaluation method
provides management with the means to select investments that will optimize the return on those
investments and attempts to quantify the uncertainty above that return. The methodology is a
convenient tool with which to accomplish the quantification tasks, but a good deal of effort is
required of the project manager to define the input data and any uncertainties before the results have
any validity.

The alternative selection example presented provides a convenient format to present the data
generated by the analysis. The example results show that Option 2 is preferable to option 3 for total
costs and benefits, present value of costs and benefits, and return on investment. Neither option
overshadows Option 1 because of the high transportation costs and risks of Option 2 or the high costs
of owning and operating a small incinerator (Option 3). Other factors should also be considered such
as the politically undesirabilily of keeping iarge quantities of hazardous materials on-site or frequently
shipping hazardous materials over public highways. In either case, there is a good probability of an
accident involving the material with the ensuing bad press, even though the resulting risk is almost
minuscule. The ultimate decision rests with management which may use any one or none of the
options presented. Each project and combination of projects will be unique and thus may require
different selection criteria.

Practical application of this proposal depends almost entirely on the way the problem is
defined and the analytical skill used to depict the decision environment (8). Thus the key to success
in the selection process is problem definition that will take the full cooperation of all parties involved.
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